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Summary
Rodent hippocampal activity is correlated with spatial
and behavioral context, but how context affects cod-
ing in association neocortex is not well understood.
The cellular distribution of the neural activity-regu-
lated immediate-early gene Arc was used to monitor
the activity history of cells in CA1, and in deep and
superficial layers of posterior parietal and gustatory
cortices (which encode movement and taste, respec-
tively), during two behavioral epochs in which spatial
and behavioral context were independently manipu-
lated while gustatory input was held constant. Under
conditions in which the hippocampus strongly dif-
ferentiated behavioral and spatial contexts, deep pari-
etal and gustatory layers did not discriminate be-
tween spatial contexts, whereas superficial layers in
both neocortical regions discriminated well. Deep pa-
rietal cells discriminated behavioral context, whereas
deep gustatory cortex neurons encoded the two con-
ditions identically. Increased context sensitivity of su-
perficial neocortical layers, which receive more hip-
pocampal outflow, may reflect a general principle of
neocortical organization for memory retrieval.
Introduction
The hippocampal formation is critically important for
the encoding of context. Studies of rats with hippocam-
pal lesions have shown that damage to the hippocam-
pus leads to deficits in contextual discrimination and
the conditioning to context (e.g., Sutherland and Mc-
Donald, 1990; Selden et al., 1991; Phillips and LeDoux,
1994). Furthermore, it has been suggested that the hip-
pocampus generates a cognitive map to represent spa-
tial context (O’Keefe and Nadel, 1978), a hypothesis
that was developed after the discovery that hippocam-
pal neural ensembles transmit patterned neural activity
that is highly correlated with a rat’s position in space
(O’Keefe and Dostrovsky, 1971). Rats reintroduced into
the same environment typically reactivate the same*Correspondence: bruce@nsma.arizona.eduhippocampal ensemble (Thompson and Best, 1990;
Guzowski et al., 1999), while a change in spatial context
(i.e., a different environment) will activate an indepen-
dent neural ensemble in the hippocampus (O’Keefe and
Conway, 1978; Muller and Kubie, 1987). A change in
behavioral context, such as a change in the direction
of movement when an animal takes a spatially re-
stricted path, or changing task demands in the same
environment, will also activate an independent hippo-
campal ensemble (McNaughton et al., 1983; Muller et
al., 1994; Markus et al., 1995; Gothard et al., 1996). Less
is known, however, about how changes in either spatial
or behavioral context affect neocortical encoding. Elec-
trophysiological recordings in nonhuman primates have
indicated that, under certain circumstances, “context-
sensitive” neurons in the prefrontal cortex (e.g., Asaad
et al., 2000) and the posterior parietal cortex (PPC)
(Stoet and Snyder, 2004) respond differently to the same
stimulus presented in different behavioral contexts. This
suggests that encoding in some areas of neocortex is
sensitive to contextual change. Whether or not this
contextual sensitivity occurs in other regions of the
neocortex, however, and the effect of changes in spa-
tial context, in particular, have not been well charac-
terized. The current experiment was designed to inves-
tigate how encoding in two regions of the neocortex in
rats, the PPC and the gustatory cortex (GU), are
affected by changes in either spatial or behavioral
context when the hippocampus encodes a contextual
change with an independent neural ensemble.
In rodents, the hippocampus and the PPC are both
necessary for spatial learning (e.g., Morris et al., 1982;
Kolb et al., 1983). While hippocampal neurons fire
specifically to where an animal is in the environment,
few if any rat PPC cells show spatial selectivity. Rather,
many cells in PPC discriminate among three different
basic types of movement through space: left turns,
right turns, and forward motion (McNaughton et al.,
1994). Although some rat PPC neurons have been ob-
served to discriminate the context in which a move-
ment is made, these contexts were primarily structural
features of the experimental apparatus (e.g., the center
versus the periphery of an eight-arm maze; McNaugh-
ton et al., 1994) rather than spatial. Because simulta-
neous recordings from hippocampal place cells and
PPC movement-activated cells have not been reported
in a task in which the movement sequence remains the
same but the environment changes, how these areas
encode spatial context and movement concurrently is
not known.
The GU is not directly involved in spatial coding, but
rather it is involved in the encoding of taste. GU is a
multimodal association cortex located in the granular
insular cortex. It receives somatosensory and chemo-
sensory input from the intraoral region, which is synthe-
sized into a gustatory precept (for review, see Norgren,
1995). Approximately 40% of GU neurons respond in a
taste-specific manner (Katz et al., 2001). The blockade
of protein synthesis or a lesion in the GU of rats leads to
deficits in the acquisition of conditioned taste aversion
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moto et al., 1995). Hippocampal lesions also result in
deficits in the acquisition of conditioned taste aversion
(Yamamoto et al., 1995), suggesting that interactions
between the hippocampus and the GU play an essen-
tial role in the memory of taste in a given context, but
the nature of these interactions is not known.
Although advances in multiple unit recording tech-
niques have enabled the recording of many well-iso-
lated neurons simultaneously (e.g., Wilson and Mc-
Naughton, 1993), neurophysiological techniques are
still limited in the number of neurons and the range of
anatomical regions that can be observed concurrently.
This limitation restricts the ability of neural recordings
to reveal fully the neural networks participating in com-
plex behaviors. Recently, however, anatomical methods
that monitor the expression of neural activity-depen-
dent, immediate-early genes (IEGs) such as c-fos (Mor-
gan et al., 1987) have been developed that can map the
distribution of thousands of neurons activated during
specific behaviors, across many anatomically distinct F
brain regions. IEG expression is dynamically regulated t
by specific forms of patterned synaptic activity that are O
believed to underlie information storage (Cole et al., d
c1989). One of the most powerful variants of these meth-
rods, cellular compartment analysis of temporal activity
aby fluorescence in situ hybridization (catFISH), utilizes
sthe transcription kinetics of the IEG for activity-regu- r
lated cytoskeletal-associated gene (Arc). Arc transcrip- w
tion is activated by behavior associated with the hippo- t
acampal theta rhythm, while the baseline transcription
sof Arc is relatively low in spite of high neural discharge
rates associated with hippocampal sharp waves (Gu-
zowski et al., 2001). Within 2 min of behavior-related p
activation of a neural ensemble, Arc RNA first appears o
in the nuclei of glutamatergic principal neurons at
e
discrete sites of genomic transcription. Arc, however,
is not expressed by GABAergic interneurons or glia in
w
identical behavioral paradigms (A. Vazdarjanova, per-
msonal communication). After about 15 min, Arc RNA
wleaves the nucleus and begins to accumulate in the cy-
Wtoplasm, where it can be detected 20–45 min after acti-
svation (Guzowski et al., 2001). Animals experiencing
Rtwo epochs of the same behavior in the same environ-
sment exhibit highly overlapping nuclear and cytoplas-
lmic Arc expression in CA1. In agreement with the inde-
Ipendence of CA1 neuronal populations observed elec-
vtrophysiologically in different environments, however, a
achange in the environment leads to the proportion of
poverlap in nuclear and cytoplasmic Arc expression that
tis expected by chance if two independent neural en-
Tsembles are activated (Guzowski et al., 1999). The sub-
dcellular distribution of Arc RNA thus provides informa-
tion about when single neurons were activated and
mallows neuronal populations activated by two distinct
fexperiences, separated by about 20 min, to be visual-
fized within a single brain (Guzowski et al., 2001). Neu-
wrons active only in the first 5 min epoch of behavior
cexhibit cytoplasmic Arc but not nuclear Arc. Con-
uversely, neurons active during only the second epoch
iexhibit nuclear Arc only and no Arc in the cytoplasm.
rFinally, neurons active in both epochs exhibit both cy-
ctoplasmic and nuclear Arc signal. Thus, the proportion
of principal neurons with Arc in the nucleus only, cyto- tlasm only, or both can be used to infer the amount of
verlap in neural ensembles activated by two experi-
nces separated by a period of about 20 min.
The current investigation was designed to determine
hether the representation of specific types of move-
ent in neocortical neural ensembles remains the same
hen a new hippocampal “map” for space is activated.
e used catFISH with high-resolution confocal micro-
copy to monitor the subcellular distribution of Arc
NA in dorsal hippocampal field CA1, and in deep and
uperficial layers of PPC within the same animals, fol-
owing two different behavioral epochs of track running.
n both epochs of behavior, rats were trained to tra-
erse a rectangular track for the same food reward. In
ddition, we wanted to see if altered hippocampal out-
ut was correlated with altered encoding in a region of
he brain that was not associated with spatial coding.
herefore, we also monitored the expression of Arc in
eep and superficial layers of GU.
Rats were divided into four groups: (1) one experi-
ental group (same room/different turn; Figure 1A) per-
ormed two, 5 min sessions of track running in room 1,
irst in the clockwise direction and then counterclock-
ise, separated by a 20 min rest period in the home
age; (2) the other group (different room/same turn; Fig-
re 1B) performed two, 5 min sessions of track running
n the clockwise direction, first in room 1 and then in
oom 2, separated by a 20 min rest period in the home
age; (3) caged controls (CC) remained undisturbed in
he home cage until sacrifice; and (4) a positive controligure 1. Schematic Drawing of the Different Track Running Condi-
ions
ne group traversed the track in the same room but ran clockwise
uring the first 5 min epoch and counterclockwise during the se-
ond 5 min epoch ([A]; same room/different turn). The other group
an clockwise during both epochs but ran in room 1 during the first
nd room 2 during the second ([B]; different room/same turn). The
ame physical track was used in both rooms. Once in the room, all
ats were given 10 s to orient with the lights on, after which a rat
as placed on the track, and the lights were extinguished for the
rack running. Thus, in the different room/same turn condition, the
nimals performed identical behaviors under virtually identical sen-
ory conditions, but with prior knowledge of environmental context.
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not shown) to induce Arc expression (Cole et al., 1990).
An essential design feature of this experiment was
that the rats were allowed a brief period (10 s) to see
which room they were in, before the lights were extin-
guished. This experimental manipulation ensured that
visual input did not vary between the two different track
running epochs. The same physical track apparatus
was used in both rooms, and all rats experienced their
experimental protocol once per day for 8 days before
the experimental day. Thus, the relevant spatial con-
texts were familiar. It is well established that, in rodents,
hippocampal activity is dependent on the animal’s
knowledge of where it is, based on initial position and
subsequent motion, and does not depend on immedi-
ate input from sensory cues (O’Keefe and Conway,
1978; Quirk et al., 1990; Markus et al., 1994; Gothard
et al., 2001). Thus, the animals of group 2 (same turn/
different room) performed the identical behaviors under
very similar sensory conditions, but with prior informa-
tion as to environmental context. Furthermore, all rats
were given the same food reward, at the same location
on the track, during both epochs of track running.
Directly following the second 5 min track running epi-
sode, rats were sacrificed, the brains were processed,
and tissue was analyzed for cellular compartments
positive for Arc catFISH signal in CA1 and in the deep
and superficial layers of PPC and GU.
Results
Encoding of Behavioral and Spatial Context
by CA1 Neural Ensembles
In CA1 of the dorsal hippocampus, the pattern of Arc
RNA expression indicated a change in context encod-
ing for both the same room/different turn and the dif-
ferent room/same turn conditions. The percentage of
neurons that were active in room 1 (cytoplasm only
[18%] + both cytoplasm and foci [16%]) was w34%,
and the percentage of neurons active in room 2 (foci
only [18%] + both cytoplasm and foci [16%]) was also
w34%. Since the percentage of cells active during both
rooms 1 and 2 was only w16%, the data are in agree-
ment with electrophysiological studies (Muller and
Kubie, 1987) and with previous Arc experiments (Gu-
zowski et al., 1999), which show that the amount of
overlapping activation is close to what is expected by
chance (0.34 × 0.34 = 0.12), if two independent neural
ensembles are activated. A similar result was observed
when the behavioral context changed but the environ-
ment remained the same. In this condition (same room/
different turn), approximately 34% of CA1 neurons were
activated during a single epoch, with approximately
16% of these cells showing overlapping activation.
Again, this is similar to the percentage of overlapping
activation that is predicted by chance if two indepen-
dent neural ensembles are activated.
As observed previously (Guzowski et al., 1999), ani-
mals that remained in their home cage undisturbed had
much less Arc RNA expression than the two behavioral
groups. Examples of the pattern of Arc activation for
the behavioral and caged control conditions in all areasFigure 2. Arc Fluorescence In Situ Hybridization Signal in CA1
Confocal images were taken of dorsal CA1 between coordinates
3.8 and 4.3 mm posterior to bregma (Paxinos and Watson, 1998).
For each 20 m thick section of tissue, two images were collected
from the regions indicated by the white squares (A). All images
were taken on a Zeiss 510 Metaseries confocal microscope with a
40× oil objective. (B) shows representative images of CA1 from an
animal in one of the track running conditions. The nuclei, shown in
blue, represent DNA staining (counterstain) with SYTOX green nu-
cleic acid stain (Molecular Probes, Eugene, OR). Scale bar equals
25 m. The Arc fluorescence in situ hybridization (FISH) signals are
red and are located in the nucleus or around the nucleus in the
cytoplasm. Nuclei with Arc FISH signal in the cytoplasm represent
neurons that were active during the first epoch of track running
(green arrow). Arc FISH signal in the nucleus indicates neurons that
were active during the second epoch of track running (yellow ar-
row). Caged control animals had very little Arc FISH signal ([B],
bottom).are shown in Figures 2 and 3. The quantitative analysis
of confocal “Z stacks” from CA1 are shown in Figure
4A. Tukey HSD post hoc comparisons revealed that
there was no significant difference in the percentage of
cells with Arc RNA in the nucleus, in the cytoplasm, or
in both the nucleus and the cytoplasm, between rats in
the same room/different turn condition and rats in the
different room/same turn condition (p > 0.9 for all com-
parisons). The caged control group had substantially
less Arc RNA in all subcellular regions (intranuclear, cy-
toplasm, and both) than the two groups of rats that tra-
versed the track (p < 0.01 for all comparisons).
Encoding of Behavioral and Spatial Context
by Neural Ensembles in Deep
and Superficial Layers of PPC
As in CA1, there was much less Arc RNA expression
in PPC of animals that remained in their home cage
undisturbed, than in that of the other groups (Figure
4B). In contrast to what was observed in CA1, however,
in the deep layers of PPC (Figure 4B) the pattern of
Arc RNA expression was significantly different between
rats in the two different behavioral conditions (same
room/different turn and the different room/same turn con-
ditions). As predicted from electrophysiological studies
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Confocal images were taken of deep and superficial layers of PPC
between coordinates 4.6 and 5.6 mm posterior to bregma and 2.0
and 3.0 mm lateral to bregma and of GU between coordinates 0
and 2.8 mm posterior to bregma and approximately 6 mm below
the dural surface, dorsal to the rhinal fissure (Paxinos and Watson,
1998). For each 20 m thick section of tissue containing the PPC,
two images were collected from the deep layers, and two images F
were collected from the superficial layers, as indicated by the white
Nsquares (A). For each 20 m thick section of tissue containing the
tGU, one image was collected from the deep layers, and one image
owas collected from the superficial layers, as indicated by the white
csquares (C). (B) shows images from deep layers of PPC for the
Fthree conditions: caged control (top), same room/different turn
b(middle), and different room/same turn (bottom). Scale bar equals
c20 m. In the deep layers of PPC, animals in the same room/dif-
cferent turn condition had many cells with Arc FISH signal in the
nnucleus only or the cytoplasm only. The presence of Arc RNA in
sonly one cellular compartment indicates cells that were active dur-
sing only one epoch of track running. In the different room/same
(turn condition, most labeled cells in deep layers of PPC had Arc
tFISH signal in both nucleus and the cytoplasm indicating neurons
ithat were active during both epochs of behavior. (D) shows repre-
bsentative images from deep and superficial layers of GU. For both
tbehavioral conditions, there were more cells with both nuclear and
ecytoplasmic Arc in the deep layers.
cigure 4. The Percent Distribution of Arc FISH Signal
eurons with Arc FISH staining in the nucleus only (white) indicate
he cells that were active only during the second track running ep-
ch, whereas Arc FISH staining in the cytoplasm only (gray) indi-
ates cells active during the first epoch only. Cells that had Arc
ISH in both the nucleus and cytoplasm (black) were active during
oth of the track running epochs. In all regions analyzed, the caged
ontrol condition had fewer neurons with Arc than the behavioral
onditions. (A)–(C) show the percent of cells with Arc RNA in the
ucleus only, cytoplasm only, or both for (A) CA1, (B) deep and
uperficial PPC, and (C) deep and superficial GU. (D) The similarity
cores of different regions of the brain analyzed for Arc FISH signal
CA1, superficial PPC, superficial GU, deep PPC, and deep GU) for
he two groups of animals that traversed the track. A score of 0
ndicates that two independent neural ensembles were activated
y the two different epochs of behavior. A score of 1 indicates that
he same neural ensemble was activated during both epochs. All
rror bars represent ±1 standard error of the mean.T(McNaughton et al., 1994), Arc expression strongly dif-
ferentiated between clockwise versus counterclock- w
gwise turns within the same room (same room/different
turn); however, there was little difference in the popula- t
ations of active cells in the different room/same turn
condition. In fact, the proportion of single-labeled w
i(nuclear only or cytoplasmic only) cells was not signifi-antly different from that of the cage controls (p > 0.9).
he pattern in the superficial layers of PPC, however,
as quite different, as these cells strongly distin-
uished between different behavioral conditions within
he same room. Furthermore, cells in superficial layers
lso strongly differentiated between spatial contexts
hen the behaviors and sensory inputs were virtually
dentical, as indicated by the significant reduction in
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This differentiation was intermediate between CA1 and
deep PPC.
Encoding of Taste and Spatial Context by Neural
Ensembles in Deep and Superficial Layers of GU
Arc RNA expression in GU in animals that remained in
their home cage undisturbed was significantly less than
that in the other groups that received food reward (p <
0.001; Figure 4C). This baseline expression of Arc is
consistent with what is observed in other areas of the
brain. In the deep layers of GU, for animals in the be-
havioral groups (Figure 4C), the pattern of Arc RNA ex-
pression was highly similar between rats in the same
room/different turn and the different room/same turn
conditions (p > 0.09 for all comparisons). In deep GU
layers for both behavioral conditions, most cells ex-
pressing Arc contained Arc RNA in both the nucleus
and the cytoplasm. Furthermore, in the deep GU layers,
the proportion of cells with Arc RNA in the nucleus only
or the cytoplasm only was not significantly different
from caged controls (p > 0.6 for all comparisons). This
indicates that, in the deep layers of GU, the same food
given in two different environments or during two dif-
ferent types of turning behavior resulted in the activa-
tion of the same neural ensembles. The pattern of Arc
expression in the superficial layers of GU, however, was
different. The proportion of neurons in superficial GU
layers with Arc in both the nucleus and the cytoplasm
was significantly less than the deep layers for both be-
havioral conditions (p < 0.001 for all comparisons; Fig-
ure 4C). Thus, superficial layers distinguished between
the different spatial and behavioral contexts in which
the food reward was given when the intraoral somato-
sensory and chemosensory input was virtually iden-
tical. Similar to PPC, this differentiation was intermedi-
ate between CA1 and deep GU.
Similarity of Neural Ensembles Activated during
Epochs 1 and 2 Varies between CA1, Deep and
Superficial PPC, and Deep and Superficial GU
A calculation of similarity scores (Vazdarjanova and Gu-
zowski, 2004) can also be used to characterize the cel-
lular distribution of Arc (negative, foci, cytoplasm, or
both foci and cytoplasm) with a single value that can
be used to compare cell activity patterns between the
two different epochs of behavior across brain regions.
A value of 0 indicates that two statistically independent
neural ensembles were activated during the two ep-
ochs (i.e., the proportion of cells active during both ep-
ochs was not greater than that expected by chance). A
value of 1 indicates that identical neural ensembles
were activated during the two epochs of behavior, while
a value of −1 indicates that no cells were activated dur-
ing both epochs of behavior. For the two different be-
havioral conditions (same room/different turn and dif-
ferent room/same turn), the similarity scores varied
between dorsal CA1, superficial PPC, deep PPC, su-
perficial GU, and deep GU. In both the same room/dif-
ferent turn and different room/same turn conditions, the
similarity score for CA1 (Figure 4D) was significantly
less than the scores for deep and superficial PPC (p <
0.001) and deep and superficial GU (p < 0.001). Thisindicates that CA1 was better able to distinguish be-
tween different behavioral and spatial contexts than
both deep and superficial layers of the PPC and GU.
For animals in the same room/different turn condition,
the similarity scores between superficial PPC and deep
PPC (Figure 4D) were not significantly different (p > 0.8).
That is, both the deep and the superficial laminae of
PPC discriminated equally between two different
movement sequences made in the same spatial
context. In contrast, for animals in the different room/
same turn condition the similarity score in the superfi-
cial PPC (Figure 4D) was significantly less than the
score for deep PPC (p < 0.001). This indicates that the
superficial laminae of PPC were better able to distin-
guish between different spatial contexts than were the
deep laminae. Furthermore, in GU for both behavioral
conditions, the similarity scores were significantly
higher for the deep layers compared to the superficial
layers (p < 0.001). Again, this indicates that superficial
layers of the neocortex are context sensitive when the
deep layers are not.
Discussion
A difference in spatial context sensitivity was found be-
tween the superficial and deep layers of the PPC and
the GU, as indicated by a significant decrease in the
amount of overlapping neuronal activation in the super-
ficial layers of both regions (p < 0.001) following a
change in either spatial or behavioral context. Context
sensitivity in superficial layers of the neocortex when
the environment or the behavior changed was substan-
tial, but less than that which occurred in CA1. In con-
trast to the superficial layers, the deep laminae of both
PPC and GU showed no spatial context sensitivity, and
deep GU was insensitive to changes in either spatial or
behavioral context.
The hippocampal formation is hypothesized to link
memories that are widely distributed across the neo-
cortex, which lack the density of modifiable synaptic
interconnections necessary to support these intermod-
ular associations directly (for review, see McNaughton
et al., 2003). This model for indirect association in mem-
ory encoding is supported by the anatomical connec-
tivity of the hippocampus and neocortex. The reciproc-
ity of connections between the hippocampus and
neocortex varies between the different cortical laminae.
Output from the hippocampus is projected via the sub-
iculum and parahippocampal cortex primarily to the su-
perficial layers (I, II, and III) of most areas of the neocor-
tex, including the PPC and the GU (Swanson and
Kohler, 1986; Amaral and Witter, 1995; McIntyre et al.,
1996; Insausti et al., 1997; Lavenex et al., 2002). In con-
trast, it is mainly the deep layers (V and VI) of PPC and
GU that project to the parahippocampal region (i.e., the
perirhinal, postrhinal, and entorhinal cortex), although
a few modest projections also arise from layers II and
III. The parahippocampal region, in turn, projects to the
hippocampus (Deacon et al., 1983; Amaral and Witter,
1995; Burwell and Amaral, 1998). Because the superfi-
cial layers of neocortex receive more hippocampal in-
put, it is therefore possible that the contextual differen-
tiation observed in superficial neocortical laminae is a
Neuron
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input from the hippocampal formation. Alternatively, it t
is possible that the hippocampus and superficial layers o
of the neocortex are influenced by some other area or t
that these regions possess independent mechanisms a
for encoding differences in spatial context and remem- 1
bering these differences when most or all of the distin- f
guishing cues are removed (i.e., in darkness on the c
same physical track). It seems unlikely, however, that p
the hippocampal differentiation is caused by encoding p
changes in either PPC or GU that occur independently n
and simultaneously, because it is predominantly the e
deeper layers that project forward to higher association n
areas (Amaral and Witter, 1995; Insausti et al., 1997; l
Burwell and Amaral, 1998). Of course, it cannot be ruled p
out that a small but critical subset of deep neocortical p
cells might also strongly differentiate context or that a o
subset of superficial cells might encode information re- f
lated to a specific behavior, irrelevant of the spatial s
context. e
In the light of these findings, it is particularly interest- I
ing that the superficial neocortical layers, which exhibit d
context sensitivity, are also richest in NMDA receptors, w
which are known to be involved in synaptic modifi- t
cation that occurs during learning (Monaghan and c
Cotman, 1985). Thus, the present results may have in- l
teresting implications for the distinct roles that the hip- t
pocampus, superficial laminae, and deep laminae may n
have in memory encoding, retrieval, and consolidation. F
It is generally agreed that the neocortex serves as the c
permanent store of long-term memories, whose initial n
dependence on a functional hippocampus diminishes
over time (Squire and Zola-Morgan, 1991; McClelland E
et al., 1995). According to one perspective (e.g., Treves
Sand Rolls, 1994; McClelland et al., 1995; Murre, 1996;
EPaller, 1997; McNaughton et al., 2003), the overall
8sparse interconnectivity of the neocortex (about 10−6
lon average) makes it incapable of directly sustaining
t
the associations necessary for the rapid formation of a
new memories. Marr was perhaps the first to suggest t
that the hippocampus could serve as an indirect link to t
genable rapid associations among different areas of the
hneocortex until the appropriate intracortical connec-
ftions could form (Marr, 1971). According to this general
Dtheory, during the initial encoding of a memory, output
from the hippocampus becomes associated with pat-
Dterns of activity in lower cortical modules. Therefore, E
hippocampal output provides an index code for each g
memory (Teyler and DiScenna, 1986), and recreating o
the index pattern evokes the corresponding patterns in T
5the neocortex, completing memory retrieval. Repeated,
cindirect retrieval may lead to the gradual formation of
oappropriate intracortical connections that can eventu-
o
ally sustain the memory independently of the hippo- C
campus.
That the hippocampus can activate orthogonal en- t
semble codes for different spatial contexts without al- c
btering neural ensemble encoding in deep neocortical
wlayers is a necessary requirement for the theory that
tthe hippocampus provides an index for the retrieval of
d
patterns of activity in information-bearing neuronal C
populations distributed across cortical modules. The i
active neuronal populations in superficial layers, how- i
cever, were much less correlated when the contexthanged. This observation provides insight into how
he brain’s retrieval and consolidation mechanisms may
perate. A potential problem with the indirect associa-
ion hypothesis is that hippocampal “index” patterns
re rather sparsely encoded (Wilson and McNaughton,
993), and the number of synapses from hippocampal
ormation back-projections within any given neocorti-
al area may be quite limited. Thus, hippocampal out-
ut may not be sufficient to enable the postulated
attern completion within the neocortical encoding
eurons directly. It appears that the sparse codes gen-
rated by the hippocampus proper are converted to
onsparse and therefore compact codes in the subicu-
um and deep entorhinal areas (Barnes et al., 1990)
rior to being transmitted back to the neocortex. Com-
act or dense codes, which can transmit higher amounts
f information (or, equivalently, the same amount of in-
ormation over fewer fibers), must be translated to
parse, less overlapping ones if they are to be stored
ffectively (Marr, 1971; McNaughton and Nadel, 1990).
t is possible that superficial layer neurons, relatively
ensely interconnected by modifiable synapses, and
ith output to the deeper layers, may serve to “unzip”
he compact index codes they receive from the hippo-
ampal formation, distributing the information over a
arger population of cells. The expanded index might
hen be sufficient to retrieve selectively the compo-
ents of a distributed memory stored in a given module.
uture experiments should investigate whether the
ontext sensitivity observed in superficial layers of the
eocortex is impaired by hippocampal lesions.
xperimental Procedures
ubjects, Apparatus, and Training
ighteen 9- to 12-month-old male F344 rats were food deprived to
0%–85% of ad lib weight and were trained to traverse a rectangu-
ar (6 inch × 24 inch) track, in the dark, for a food reward. All rats
raversed the track between 15 and 22 times during the 5 min avail-
ble in both epochs on the day of the experiment. Directly following
he second 5 min track running episode, rats were rapidly anesthe-
ized in a container of isoflurane and decapitated with a rodent
uillotine. Brains were rapidly extracted and processed for in situ
ybridization as previously described (Guzowski et al., 1999). For
urther details on experimental methodology, see the Supplemental
ata available with this article online.
ata Analysis
xperimenters blind to experimental conditions counted cellular re-
ions positive for Arc FISH labeling. For each rat, the mean number
f cells counted in CA1 was 356.3 with a standard deviation of 52.6.
he mean number of cells counted for each rat in the PPC was
10.2 with a standard deviation of 171.2. The mean number of cells
ounted for each rat in the GU was 442.8 with a standard deviation
f 79.3. There was no significant correlation between the number
f counted cells and the percent of cells with Arc RNA for either
A1, PPC, or GU (p > 0.52 and p > 0.32, respectively).
For CA1, PPC, and GU, the main effects of experimental condi-
ion (same room/different turn or different room/same turn, and
aged control) and Arc distribution (intranuclear, cytoplasmic, or
oth) were evaluated by factorial ANOVA. When the main effects
ere significant at the α < 0.05 level, additional comparisons be-
ween groups and analyses of the interaction effects were con-
ucted with Tukey HSD post hoc tests (SPSS software; SPSS Inc.,
hicago, IL). When comparing the neural ensembles activated dur-
ng two distinct epochs of behavior across different brain regions,
t is helpful to parameterize the proportion of the four different sub-
ellular distributions of Arc RNA (negative, foci only, cytoplasm
Encoding of Movement and Context in Neocortex
673only, or both foci and cytoplasm) with a similarity score, which can
be used to compare activity patterns across different brain regions.
The similarity scores were calculated for each brain region as pre-
viously described (Vazdarjanova and Guzowski, 2004).
Supplemental Data
The Supplemental Data include Supplemental Experimental Pro-
cedures and can be found with this article online at http://www.
neuron.org/cgi/content/full/45/5/667/DC1/.
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